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Introduction
White phosphorus, P4, represents the major industrial P-atom source for the production of organophosphorus compounds which are employed on a large scale in a wide range of technologies. The syntheses of these organophosphorus compounds involve a multistep process in which P4 is first chlorinated or oxychlorinated to generate tri-and pentavalent phosphorus halides/oxohalides, which are subsequently functionalised by, for example, salt elimination reactions. Clearly this process is both hazardous and environmentally unfriendly. An alternative approach involving the controlled activation of P4 leading to phosphorus-containing products without the need for direct halogenation is clearly desirable, but at the present time remains a target rather than a reality -the attainment of this goal will be underpinned by a deep understanding of the coordination chemistry of P4.
[1] Thus, despite the fact that P4 is recognised as being a poor donor ligand, the coordination chemistry of white phosphorus in a wide variety of transition metal complexes has been studied. [2] Commonly, reactions of P4 with transition metal fragments lead to decomposition of the tetrahedral P4 molecule;
however, coordination of the intact P4 moiety has been observed in a number of cases, with binding either via an edge (i.e., η 2 ) or a corner (i.e., η 1 ), depending on the precise steric and electronic environment at the metal centre. In the electronically preferred η 2 -mode, the resemblance between M-P4 binding and M-alkene binding has been noted. [3] Our own interest in this topic is part of our studies into the binding of small molecules at coinage metal centres. Thus we recently reported [4] that reactions of equimolar quantities of simple metal salts been the matter of some discussion, dating back to Ginsberg and Welch's earliest discussions of the electronic structure of RhCl(η 2 -P4)(PPh3)2 using extended Hückel and SCF-X theory. [3, 5] The coordinated P-P bond in this case is significantly elongated from its equilibrium value in P4 (2.4616(22) Å vs 2.1994(3) Å from gas-phase electron diffraction [6] ). The synergic nature of the bonding (and hence the analogy to the familiar Dewar-Chatt-Duncanson binding model [7] for ethene) was noted at this point: donation of electron density from the P-P  bond to the metal and back-donation of metal d electrons into P-P * may both contribute to the overall stability of the complex.
Following the report of the [Ag(P4)2] + cation, [8] Krossing and van
Wüllen argued that the coordinated P-P bond length of 2.329(2) Å was in fact a truer signature of an  2 -P4 coordination mode, and that the rhodium complex was better formulated as a 
-[P4]
2-complex of Rh(III). [2a] Subsequent calculations by Deubel confirmed the importance of back-bonding, even in the complex of Ag + , but also suggested that the planar (D2h) cordination geometry about Ag + was the result of inter-rather than intramolecular factors. [8] Despite the differences of opinion that have emerged in these papers, the synergic nature of the bonding is not in doubt, and it seems clear that all P4 complexes that are bound via two phosphorus atoms lie comewhere on a continuum whose limits are M(I)( 2 -P4) and
The rich coordination chemistry that has emerged in these apparently simple systems prompted us to seek a greater understanding of these M-P4 interactions by introducing co-ligands at the metal centres. Herein we present a combined synthetic, solidstate, solution and computational analysis of these complexes.
Results and Discussion

Synthesis and structure
Our synthetic approaches towards these complexes are shown in It is noteworthy that in all cases 1-5, the room temperature NMR spectra gave chemical shifts characteristic of an intact P4 cage, and that in each case only a solitary signal for the P4 moiety was observed, suggesting that a dynamic process is occurring on the NMR timescale leading to the single time-averaged signal.
Crystals of 1-5 were grown that were suitable for analysis by single crystal X-ray diffraction experiments (molecular structures of the cations are shown in Figure 1 ; key bond dimensions are given in . [9] The coordinated P-P bond lies perpendicular to the approximate mirror plane passing through Au, P(5) and the ipso carbon. In subsequent discussions we refer to this orientation as the horizontal isomer. The other P-P bonds in the P4 unit are slightly contracted {2.155 (5) the two atoms [10] ).
The coordination of the P4 unit may be altered by employing a more sterically encumbered phosphine ligand, in this case t BuXPhos. relative to 1, such that it lies in the mirror plane (defined by Au-P(5)-Cipso) rather than perpendicular to it (the vertical coordination mode).
Moreover, the coordinated P-P bond is rather longer than that in
distance is the same within error {2.3301(5) Å vs 2.3218(18) Å}. The
Au-P(1) and Au-P(2) bonds are also now distinctly asymmetric:
2.4067(6) Å and 2.4869(6) Å, respectively, while the P (5) In order to further increase the electron donating character of the ligand, [11] we also synthesised the corresponding N-heterocyclic fashion, and the horizontal coordination mode is much more similar to 1 than 2. The Au-P(1,2) distances of 2.4333(7) Å and 2.4352(6) Å are statistically identical, the coordinated P-P bond is 2.357(1) Å {cf. . These values are also distinctly shorter than the coordinated P-P bond in the copper-P4 coordination polymer previously reported in our group {2.3744(7) Å}. In both 4 and 5 the Cu makes close contacts with the Cortho-Cipso edge of the flanking arene ring {2.302(7) Å (4) and 2.324(2) Å (5)} and the P4 moiety is tilted away from the biphenyl unit. Echavarren et al. noted a similar distortion in a related copper complex of acetonitrile. [10] We comment further on the significance of the interaction of the arene with the metal in the subsequent discussion of electronic structure. H} NMR spectrum of 1 gives a broad signal at δP ≈ 75 ppm for the phosphine ligand and a broad peak at -454 ppm for the P4 ligand, consistent with a dynamic process leading to scrambling of all four phosphorus atoms of the P4 cage. This may originate from an intramolecular process involving the "tumbling" of the P4 tetrahedron that interconverts the coordinated and non-coordinated phosphorus centres, or alternatively a process involving breaking the M-P4 bond and subsequent rebinding. We note that a dynamic process exchanging, in both solution and solid state, the P-atoms of mononuclear and dinuclear white phosphorus complexes has been reported. [12] Previously isolated [M(P4)2] + (M = Cu, [13] Ag, [14] Au [9] ) compounds also exhibit rapid fluxionality which could not be frozen out even at temperatures as low as -90 °C. In contrast, variable 
2.341(3) Å in
Computational analysis
In an attempt to rationalise the observed structural and spectroscopic trends, we have used density functional theory to explore the potential energy surfaces for 1, 2, 4 and 5. The optimised structure of 1 shown in Figure 3 (1-h) is very similar to the X-ray data, with the P4 unit adopting a horizontal coordination mode. The coordinated P-P bond is somewhat longer than in the experiment {2.41 Å vs 2.341(3) Å} but the Au-Cipso distance of 3.10 Å matches well with the crystallographic value of 3.124(9) Å. The coordinated P-P bonds are systematically over-estimated by ~0.06 Å in all systems studied here, and the same trend has also emerged in other studies (see for example Table 1 in reference 7).
We have also located a second local minimum for 1 (1-v, corresponding to the vertical coordination mode seen in 2) only very marginally less stable than the global minimum (+8 kJ/mol). 
Experimental Section General Experimental
All reactions were performed under an atmosphere of nitrogen using standard Schlenk or glove box techniques; solvents were dried using an Anhydrous Engineering Grubbs-type system (alumina columns).
White phosphorus was obtained as a generous gift from Rhodia plc and purified according to a procedure described previously. [4] The gold complexes [P All other reagents were of analytical grade and obtained from commercial suppliers and were used without further purification.
31
P NMR spectra were obtained using a Jeol ECS 400 MHz multinuclear spectrometer. 
Data for 4:
Crystalline yield 27 mg (37% Gaussian 09 software package, [16] with the density functional method BP86.
[17] The SDD [18] basis set was used for Au while TZP [19] was used for P, and polarization functions were added (Au: ζf = 1.05, P: ζd = 0.387). [20] For the six C atoms of the arene ring, the TZP basis set was used while for all the other C and H atoms, SVP [21] was used. The atoms in molecules (AIM) analysis was performed with the AIM2000 software package [22] using an all-electron basis set of double zeta quality (ADZP) [23] for Au, instead of the SDD pseudopotential and associated basis set. Frequency calculations were carried out to verify all of the stationary points as energy minima (zero imaginary frequency) and transition states (one imaginary frequency), and to provide free energies at 298.15 K including entropic contributions.
Single point calculations for all the structures were performed with the BP86+D3 [24] method with the same basis sets, in order to obtain dispersion-corrected relative free energies. The energies quoted in this paper are all dispersion-corrected unless specifically mentioned.
